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FOREWORD
This final report describes the work performed for the Ames Directorate,
U. S. Army Air Mobility Research and Development Laboratory (formerly the
Army Aeronautical Research Laboratory) under Contract Number NAS 2-4389
to study the feasibility of using the bidirectional jet flap device called the
Variable Deflection Thruster (VDT) for improving the performance of heli-
copter rotor blades. The Contract Technical Monitor is Mr. Thomas Wynn.
This report covers the period from 6 June 1967 through 3 October 1969.
The program was conducted jointly by Honeywell and the Ames Direc-
torate, AAMRDL. Thanks are especially extended to Messrs. Volker Harms
and Thomas Wynn of AAMRDL.
The authors also wish to express their gratitude to Mr. Howard Melrose
for his contributions to the study and especially to Mr. W. H. Egli for his
contributions, which include the analytical treatment presented in Appendix A.
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ABSTRACT
A bidirectional jet flap device called the Variable Deflection Thruster
(VDT) has been investigated for possible application to helicopter rotors. The
study constitutes Phase i of a long-range program to develop blown control
techniques for stabilizing the higher harmonic modes of helicopter rotors.
A three-sectioned, two-dimensional VDT-blade model was designed with
individually controlled VDT jet flaps in each section. Steady-state wind tunnel
tests were conducted with various combinations of VDT-blade section blowing
and with the VDT-blade center section only. Dynamic tests were conducted
with the VDT jet oscillating at various frequencies.
Fair agreement was _obtained between theory and experimental results.
The results show that the VDT is an effective lift-producing device with simul-
taneous drag reduction. The VDT-blade lift can be sensed from the differen-
tial pressure at midchord. This pressure signal can be amplified using fluidic
circuitry and used to automatically control the VDT-blade lift. The dynamic
results indicate that the ratio of dynamic lift to steady-state lift increases
with increased VDT jet oscillation frequency for a constant oscillation angle.
It is indicated that the dynamic response of the VDT device is less than
kt	 S msec (corresponding to a phase angle of approximately 0„ 5 radian) for a
jet oscillation frequency of 10 Hz.
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nLIST OF SYMBOLS
A 1 , A 2	 Area of variable orifices upstream of VDT nozzle exits
A 	 Nozzle exit area for Coanda or VDT jet
AR 	 Effective aspect ratio
a	 Radius or radius of curvature of VDT cylinder and lift curve
slope for finite aspect ratio
a 	 Lift curve slope for infinite aspect ratio
b	 VDT nozzle width
C	 Chord force
CF	 Chord force measured upstream of airfoil spar
C R	 Chord force measured downstream of airfoil spar
CD	 Drag coefficient
CD	 Drag coefficient of hypothetical unblown wing
h
CDL	 Lift-produced drag coefficient
CD	 Profile and skin friction drag coefficient
0
AC 	 Drag coefficient difference between blown and unblown wing
C L	 Lift coefficient
C L I	 Absolute value of lift coefficient for jet oscillations (dynamic lift
coefficient)
C Ls	 Lift coefficient due to supercirculation
CM	 Moment coefficient
CM	 Quarter-chord moment coefficient
c/4
CnILE	 Leading-edge moment coefficient
C 	 Normal force coefficient
Cµ	 Blowing coefficient
v
C' µ1 , Cµ2 Blowing coefficients for each of the VDT jets
Cµ Total VDT blowing coefficient	 = Cµ1 + Cµ2
CP Airfoil center of pressure in percent of chord
c W ing chord
D Drag force
D e Effective drag for blown airfoil
Fi VDT isentropic jet thrust
FM VDT measured jet thrust
f VDT jet oscillation frequency
K A constant relating 0  to 6e
L rift force
t, Lift per unit airfoil surface area
M Moment
M Mach number at VDT nozzle exite
MW Free-stream Mach number
m Nozzle mass flow
N Normal force
N F, Normal force measured upstream of airfoil spar
NR Normal force measured downstream of airfoil spar
P Pressure
Pave Average pressure
P c Static pressure on VDT cylinder surface
P e Static pressure at jet nozzle exit
Pe
1	
Static pressure at top VDT jet nozzle exit
Vi
nP e	 Static pressure at bottom VDT jet nozzle exit
2
P O	 Total pressure
P o	 VDT top tank pressure
1
P o	 VD`i bottom tank pressure
2
Po	 VDT bottom tank pressure measured with pressure transducer
2	 for dynamic tests
Pr	 Power required for blowing VDT jet
P s	 Supply pressure
PO,	 Free-stream static pressure
AP	 Pressure difference
qw
	Free-stream dynamic pressure
R e	 Reynolds number based on airfoil chord
Fi n	VDT tank pressure ratio; Pon/Pm, n = 1, 2
S	 Wing or blade area
T	 VDT jet thrust
V 	 Effective VDT jet velocity downstream of nozzle exit
assuming isentropic expansion to free-stream static pressure
Vm	Free-stream velocity
x	 Chordwise distance on blade
y	 Distance from chord-line to airfoil surface
Greek
 Fetters
a	 Angle of attack
`y	 Ratio of specific heats (1 0 4 for air)
T1	 Airfoil efficiency factor
9c	 Angie measured from VDT nozzle exit to points on cylinder
surface
vii
6 e 	VDT jet angle
.
 calculated from a momemtum balance,
B =sin -z 
OV
e	
env
6 j	 VDT jet angle downstream of the cylinder surface measured from
the centerline to the'°position of the maximum jet velocity
6 j	 VDT jet angle obtained from force measurements under static
conditions, 6jf =tan ^D^
6jm	 Mean jet angle during jet oscillation
6v	 VDT jet angle determined from jet angle indicating vane
Ae i 	 Maximum jet angle amplitude for oscillation
J A6j	 Absolute value of maximum jet angle amplitude with increasing
jet oscillation frequency
X	 Percentage of VDT jet blowing that results in drag reduction
_Dynamic lift parameter, 	 C1 a^
w	 Reduced jet oscillation frequency, 2rrfcV
Terms and Subscripts
AR	 Aspect ratio
LE	 Leading edge
P, (P)
	
Refers to pressure or pressure integration data
T E
	
Trailing edge
WT	 Refers to wind tunnel or wind tunnel balance data
1,2	 Refers to top and bottom VDT jets or tanks, respectively
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FEASIBILITY STUDY OF A
BIDIRECTIONAL JET FLAP DEVICE
FOR APPLICATION TO HELICOPTER ROTOR BLADES
by
R. E. Rose
J. M. Hammer
A. P. Kizilos
INTRODUCTION
Research has been conducted for many years on various types of jet flap
devices for increasing the lift on aircraft wings. These devices have included
the pure jnt flap, blown mechanical flaps, and various other jet flap configura-
tions. The conventional pure jet flap is a thin jet sheet that, issues from the
trailing edge of an airfoil at a fixed angle with respect to the wing chord. The
variable-angle jet flap provides greater versatility and better control than the
conventional pure jet flap; however, it usually has the disadvantages of requiring
a moving mechanical member to change the jet deflection angle.
The possible application of jet flap devices to helicopter rotor blades has
currently been receiving considerable attention. Increased rotor performance
should be obtained by using circulation control to provide higher-order cyclic
pitch and nonlinear cyclic twist functions. However, because of the inherent
low efficiency of the jet flap, it appears that its best application is to provide
damping of the higher blade harmonics. This should be attainable with
moderate power levels because of the relatively small forces required.
A bidirectional jet flap device called the Variable Deflection Thruster
(VDT) has been studied in this report for possible application to helicopter
rotor blades. The VDT generates aerodynamic control forces without the use
of moving parts. It produces positive or negative lift forces when incorporated
at the trailing edge of an airfoil, and the jet thrust and deflection angle can be
J:_ n
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changed by varying the pressure levels in the plenums preceding the jet exit
slots.
Although various VDT geometries can be used, the basic VDT configura-
tion (Figure 1) consists of a cylindrical surface on which two jets issue from
diametrically opposed slots and attach to the surface due to the Coanda effect.
The jets meet on the surface of the cylinder at a position determined by their
pressure difference. The combined jet then leaves the cylinder surface at a
jet deflection angle, which increases because of the bending imposed by the
unequal static pressures of the original two jets. The VDT jet at the trailing
edge of an airfoil (Figure 2) provides thrust and circulation control. High
lifts are produced even at zero angle of attack by increasing the jet momen-
tum, jet angle, or both.
The present investigation constitutes Phase I of a program to develop an
operational helicopter VDT-rotor having a fluidic control system. The pri-
mary objective of the current study was to investigate the applicability of the
VDT concept for helicopters. A full-scale, two-dimensional helicopter VDT-
blade model was built and wind tunnel tested to obtain representative lift,
drag, and moment characteristics within the operating range of helicopters.
The model was constructed in three equal span sections to allow different
spanwise VDT jet blowing rates and angles. The wind tunnel data obtained
from tests o the VDT jet flap model are presented and discussed.
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HELICOPTER VDT-BLADE
TWO-DIMENSIONAL MODEL DESIGN
The helicopter VDT-blade model was designed to be as versatile as
possible. The model was made in three sections, and the flow rates and VDT
jet angle for each section can be controlled separately. The model was
designed to provide both static (constant VDT jet angle) and dynamic (oscil-
lating VDT jet angle) blowing. Some of the essential features of the model
design are discussed in the following paragraphs,
VDT System Studies and Design
Jet detachment studies. - Because of the importance of jet detachment to
VDT performance, a systematic series of tests were conducted to determine
the flow and geometrical parameters which control the detachment of a Coanda
jet. It was shown in Reference I that the limits of jet detachment without
external flow are determined by the jet pressure and the geometry of the VDT
configuration. Large slot width, high plenum pressures, and small-diameter
Coanda cylinders tend to cause jet detachment. A series of experiments was
conducted using the variable geometry apparatus shown in Figure 3. Cylinder
radii, a, ranging from 0. 125 in, to 1, 0 in., and nozzle widths, b, ranging
from 0.005 in, to 0. 150 in. were investigated in a systematic series of tests.
It was found that, for any combination of radius and slot width, the pressure
ratio at which the jet detaches from the cylinder surface is constant. The
pressure must be reduced to a much lower level for jet reattachment, thus
showing a hysteresis effect. A typical detachment reattachment curve for a
0. 500-in, radius cylinder is shown in Figure 4.
During these tests the static pressure distribution of the jet around the
cylinder surface was measured by static pressure taps. Discontinuities on
the static pressure profiles were observed at supercritical pressures. A
typical set of pressure profiles measured just before detachment is shown in
4
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An
(a) Test-a-prQ 1,atus schematic
(b) Laboratory Test Setup
Figure 3. Variable-Geometry Coanda Apparatus for Jet
Detachment Studies
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Figure 5. It appears that prior to jet detachment a discontinuity in the static
pressure profile exists far downstream of the nozzle exit. Shadowgraphs
taken of a Coanda jet on a cylindrical surface have verified the existence of
these discontinuities in the form of oblique shocks (Ref. 1).
The mechanism by which separation occurs in a compressible boundary
layer -- the type present with an under-expanded Coanda jet -- has been
analytically studied, and an analysis is presented in Appendix A. This analy-
tical formulation of the jet detachment problem gives results that are consis-
tent with experiments. These analytical results, along with some experi-
mental results, are presented in Figure 6.
Since the above jet detachment studies were conducted with a single
Coanda jet without external flow, additional information was needed to predict
the jet detachment characteristics of two VDT jets in an external flow field.
The experimental results obtained from Reference 1 for a NACA 0009--64 air-
foil with a biconvex VDT were used to help evaluate the effects of external
flow on VDT detachment.
It had been assumed that the maximum pressure ratio before VDT jet
detachment was a function of the VDT slot-to-radius ratio (bra), the pres-
sure ratio (Po/P.) of the low-pressure jet, and the Mach number of the
external flow field. However, it was indicated from the experimental results
and from an analytical study that the external flow field was only an indirect
cause of VDT jet detachment. In Reference 1 it was shown that the pressure
ratio at which detachment occurs for a biconvex VDT jet decreased with
increasing Mach number. By calculating the pressure distribution around a
VDT-equipped airfoil and including compressibility effects by using a modi-
fication of the Prandtl-Glauert rule (Ref. 2), the local pressures at the VDT
exit, which decrease for increasing Mach number, were determined. The
ratio of the VDT tank pressure to the local pressure at the VD's' exit (Po/P e
was found to be approximately constant at the detachment condition regardless
of Mach number as shown in Figure 7, Therefore, the jet detachment appears
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(1)
(2)
-c r
to be independent of Mach number and depends only on the pressure ratio be-
tween the VDT tank pressure and the local pressure at the nozzle exit.
From the experimental results of jet detachment for C'oanda and VDT
,jets, equations were obtained from curve fits for use in VDT designs. The
following equations are derived in Deference 3 from experimental data and
can be used to predict the maximum pressure ratio before detachment of a
VDT, if the local pressure at the VDT jet exit is determined:
P 0
-3.6ia1
F	 = P ^	 I 10, 66 - 6.2 2 ],n ( a
el	 e2max
0.025 x50.06
P	 1'
-3.6
 ^a
F° 	 = P02 1
	[-1. 386 -2. 9 In
el max	 e2
0. 06 s a 5 0. 30
The limits of VDT jet detachments as obtained from equations (1) and (2)
are shown in Figure 8. It can be noted from Figure 8 that the points on the
ordinate for a given VDT slot-to-radius ratio (b/a) are identical to the values
presented in Figure 6 for a single C'oanda jet without external florae. Dines of
constant maximum combir ad VDT jet momentum (nondimensionalized) are
presented as the dotted curves in Figure 8. Figure 8 can be used to design
a VDT configuration or to find the boundaries of a given VDT design.
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VDT system components. - Components of the VDT system are shown
in Figure 9. The rectangular ducts shown are the main air supply lines for
the VDT and are connected by the oval ducts to the VDT tanks,
The rectangular flap or vane shown on the VDT cylinder (Figure 9) is
part of a VDT jet angle indicating system. It was determined experimentally
that the relationship between the jet angle as indicated by the vane, Ov , and
that obtained analytically from a momentum balance, e e, was 8v N 2. 0 se.
From Deference 4 it was determined experimentally that the forcX="Vieasured
angle, 0jr  for a cylindrical VDT is 0j f A-,2. 18 0e . Therefore, 0v ^-, e j f . Due
to instrumentation difficulties, little useful data was obtained using the jet
angle indicator during wind tunnel tests. It was used as a static check for
jet oscillation angles during dynamic testing.
After a careful analysis of the blade model internal space, required VDT
mass flow rates, available tube sizes and shapes, and associated pressure
losses and stresses, it was decided that the VDT slot should be limited to a
maximum width of 0. 030 in. This slot width allows a maximum flow rate of
approximately 2.16 lbs/ sec (1700 SCFM) for a single slot at a VDT tank
pressure of 100 psi.
A. prototype model of the VDT tank and nozzle exit slot area was made,
and tests were conducted using cylindrical spacers close to the nozzle exit to
minimize nozzle lip deflections. These tests indicated that the VDT jet would
be uniform and that the maximum VDT exit lip deflection would be less than
0. 003 in. for VDT tank pressures up to 150 psig. Therefore, the ducting and
tanks for the VDT were designed for maximum pressures of 150 psig.
The VDT section, which is the only pressurized portion of the blade
model, was machined from steel and bolted to the rest of the }glade as a com-
pletely sealed unit. A partially assembled VDT section showing one exit slot
and the separator plate between the two VDT tanks is shown in Figure 10.
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Figure 9. VDT System Components
AV
Figure 10. Martially Assembled VDT Section
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The air supply ducts to the VDT tanks in the top model section are sup-
ported in the top and bottom model sections without touching the center section.
The supply ducts to the VDT tanks in the center section have a compliance
joint connection designed to allow relative movement between the center and
bottom model sections and to avoid adverse effects due to duct pressurization
during VDT operation. These concepts were incorporated into the blade model
design to avoid adversely affecting the operation of the internal balance system.
Blade Model Design and Fabrication
An NACA 0012 airfoil section was selected for the helicopter VDT-blade
model. The blade model is two-dimensional having a span of 7 feet. It is
made in three sections of equal span with a common steel box beam spar
connecting the separate sections.	 There is a gap of approximately 0. 030 in.
between the sections to allow relative movement of the center section. The
top and bottom sections of the model are mounted directly to the beam, and
the center section is mounted to the beam through a strain gage flexural
balance system which allows aerodynamic forces on this section to be mea-
sured separately from the other two sections. The spar is used to mount the
model vertically in the wind tunnel and was designed to support the model
under static and oscillatory aerodynamic loads. The top part of the beam is
bolted to the rest of the beam through a short beam section, which allows the
top section of the model to be removed. The top section of the spar terminates
in a cylindrical section designed to fasten to the lift arm of AAMRDL's wind tun-
nel balance system. Schematic diagrams of the model's cross sections and
inside views of the model's center and bottom sections are presented as
Figures 11 through 13.
The NACA 0012 airfoil section used would normally have a 30-in, chord
The VDT section of the blade is located at the S 0% chord station of the nominal
30-ino chord, and the overall chord of the blade is approximately 24. 565 in.,
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giving a thickness ratio of approximately 0. 147. The VDT section is fed by
six rectangular air ducts (with circular inlets) that conduct the flow to each of
the six VDT tanks (Figure 13). The VDT section (Figure 11) can also be
removed and replaced by a standard wooden trailing edge that is provided
for basic airfoil tests. Air hose connections were made at the circular inlets
to the supply ducts, which were rigidly mounted to the base plate shown in
Figure 130
In summary, the basic design parameters of the helicopter VDT-blade
model are as follows
• Two-dimensional helicopter VDT-blade model, aluminum
casting, steel VDT section
• Airfoil: NACA 0012
•	 Overall blade span: 7 feet; three sections, 27. 875 in. each
•	 Basic airfoil chord: 30 in.
• VDT-blade chord: 24.565 in.
•	 Thickness ratio: 0. 1465
• Circular cylinder VDT, 1. 378-in. diameter
•	 VDT jet nozzle slot width: 0. 030 in.
•	 Blowing slot length: 26. 875 in.
• Maximum VDT nozzle exit lip deflection: <0. 003 in. at 150 psig
• Capability of VDT or conventional trailing edge
• Capability of aspect ratio change by removing outer section
• Calculated model section characteristics:
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Center of Mass
	 Air Supply Duct Losses, psi
Section With Spar Without Spar (VDT tank press. 150 psi g)
Top 0. 56 c 0. 63 c 41
Center 0. 52 c 0. 55 c 34
Bottom 0. 54 c 0. 57 c 27
MODEL INTERNAL BALANCE SYSTEM DESIGN
The model internal balance system is a three-component strain gage
flexure balance designed to measure normal force, chord force, and moment
on the center section of the helicopter VDT-blade model. The balance ;3ys-
tem was designed for maximum normal and chord force loads of approxi-
mately 1200 lbs and 120 lbs, respectively, with an overload factor of
approximately 3. 0 before the load strain curve deviates from a linear func-
tions However, the internal balance system did not work well during most
of the wind tunnel tests. This was apparently caused by binding in the com-
pliance joint between the center and bottom model sections resulting from
misalignment during model installation in the wind tunnel.
MODEL INSTRUMENTATION
The VDT tanks in each of the three model sections are instrumented with
thermocouples and pressure taps for metering tank temperatures and pres-
sures during testing. The thermocouples are located along the model section
centerline at the approximate center of each tank, and there are two pressure
orifices equally spaced spanwise along the upstream tank wall of each tank.
In addition, the VDT tanks-of the model center section have Statham pressure
transducers located on the centerline of the upstream wall for metering tank
pressures during dynamic testing. The model center section has 42 static
pressure taps along the airfoil surface and 18 pressure taps on the VDT
cylinder. The pressure tap locations on the model center section are as
shown in Figure 14 and listed in Table 1. Helicopter VDT-blade model in-
strumentation is as follows;
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TABLE 1, - SURFACE PRESSURE TAP LOCATIONS F OR
HELICOPTER VDT-BLADE MODEL
Airfoil Surface, c = 24, 565 in.
Tap No. x/e y/c z/c
1 0 0 0. 567
2 0.010 0.0187 0.608
3 0.051 0,0403 0, 527
4 0.092 0.0513 0.567
5 0.132 0.0586 0.608
6 0.254 0.0705 0.527
7 0.377 0.0731 0.567
8 0.499 0.0703 0.608
9 0.612 0.0639 0.527
13 0.793 0.0548 0.567
11 0.889 0.0411 0.608
12 0,930 0,0368 0.527
13 0.950 0.0347 1.053
14 0.950 0.0347 0.689
15 0.950 0.0347 0.081
16 0.970 0.0326 0.567
17 0, 972 0.0309 0. 628
18 0.010 0.0187 0.608
19 0.051 0.0403 0.527
20 0.092 0.0513 0.567
21 0.132 0.0586 0.608
22 0.254 0.0705 0.527
23 0,377 0.0731 0. 567
24 0.499 0.0703 0.608
25 C. 621 0.0693 0. 527
26 0.793 0.0548 0.567
27 0. 889 0.0411 0. 608
28 0.930 0.0368 0.506
29 0.950 0.0347 1.053
30 0.950 0.0347 0.689
31 0.950 0.0347 0.081
32 0.970 0.0326 0.567
33 0. 9,72 0.0309 0.628
PiA 0.051 0.0403 1.074
P2,r: 0,092 0. 0513 1.074
P3A 0.784 0.0510 1.002
P4A 0.132 0.0586 0.387
P5A 0.132 0.0586 0.224
P6A 0.051 0.0403 0.061
P7A 0.092 0.0513 0.061
P8A 0.132 0.0586 0.061
P9A 0.957 0.0339 0.081
VDT Cylinder Surface, dia. = 1. 378 in.
Tap No. 0c,deg Z/c
34 89. 95 0,081
35 60 0.071
36 50 0,074
37 40 0.076
38 30 0.079
39 20 0.084
40 10 0.089
41 0 0.087
42 10 0,071
43 20 0.074
44 30 0,076
45 40 0.079
46 50 0,084
47 60 0.089
48 89, 95 0.081
49 89. 95 1.053
50 0 1.048
51 89.95 1.053
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0	 Model center section --
Strain gage balance system for measuring chord force,
normal force and moment
2 Statham pressure transducers (one each, top and bottom
VDT plenum)
4 total pressure taps (2 each, top and bottom VDT plenum)
42 static pressure taps on airfoil surface
18 static pressure taps on VDT cylinder surface
1 synchro system for VDT jet angle readout
2 thermocouples (one each, top and bottom VDT plenum)
•	 Model end sections --
4 total pressure taps for each section (2 each, top and
bottom VDT plenums)
1 synchro system for each section for VDT jet angle readout
2 thermocouples for each section (one each, top and bottom
VDT plenums)
DYNAMIC VALVE FOR VDT JET OSCILLATION
A special valve was designed and fabricated to oscillate the VDT jet of
the model center section for dyncamic testing. To ensure that the lift changes
that occurred were the result of VDT jet angle change, the valve was designed
to maintain constant jet thrust for the various jet angles at a given dynamic
pressure. The valve is driven by an electric motor at selected aplitm__	 udes and
frequencies.
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MODEL INSTALLATION
The helicopter VDT-blade model was installed in AAMRDL's 7 x 10-ft
subsonic wind tunnel at NASA Ames. The model was mounted vertically on
the wind tunnel's scale balance system that measured the lift, drag, and
moment (Figure 15). A number of tufts were attached to the model and sur-
rounding wind tunnel area to indicate local flow direction and when flow sepa-
ration occurred. The gaps between the model sections were covered with
Myxar plastic tape to prevent air blowing through from the high- to low-
pressure side of the airfoil. A specially designed trapeze system trans-
mitted the air supply to the model without introducing extraneous forces.
The model could be rotated through an angle-of-attack range from -18 to
32 deg.
Because of space limitations between the model mounting plate and the
wind tunnel floor, it was difficult to align the VDT air supply hose and ducting
of the model center section to avoid affecting the model internal balance sys-
tem. The sensitivity of the normal and chord force strain gage systems
increased and decreased approximately 5% and 58%, respectively, from that
previously determined in Honeywell's laboratory. This sensitivity change was
apparently caused by misalignment of the compliance joint. However, the
calibrations for the internal balance system remained linear. The effect of
VDT supply hose and duct pressurization on the internal balance system was
also determined. Although, in general, these tare forces were minor, a
linear relationship was approximated for the hose tare forces and used to
correct the internal balance system force measurements.
Because of the difficulties with the internal balance system, wind tunnel
tests were also run using the model center section mounted between end
plates as shown in Figure 16. For these tests the model was installed on a
special VSB-8 balance system made for AAMRDL by the LTV Aerospace
Corporation. This balance system provided more reliable force measure-
ments than could be obtained with the internal balance system.
f
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Figure 15. Helicopter VDT-Blade Model Mounted in AAMRDL's
7 x 10-foot Wind Tunnel
24
I
. . ..
A,
v^ -,A--w
Figure 16. Helicopter VDT-Blade Model Center Section Mounted
in AAMRDL's 7 x 10-foot Wind Tunnel
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MODEL STATIC TESTS
Static blowing tests were conducted with the helicopter VDT-blade model
to check out the VDT jet operation and to compare the jet angle as indicated
by the VDT vanes, 0v, with the jet reaction force calculated angle, 0jf"
These tests were run with the wind tunnel doors open and the model rotated
so that the VDT jet blew out the doors allowing %.N 0. Because of impurities
in the air supply to the VDT during preliminary testing, the indicating vanes be-
came sluggish and could only be used to approximate the jet angle. Calibration
curves relating the jet reaction force angle, O jf, to the VDT tank pressures
were determined from static test results for use in data reduction. These
curves are shown in Figure 17.
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The VDT jet thrust was measured during static testing and is compared
with the isentropic thrust in Figure 18. The isentropic thrust was determined
from
FZ = C µ qmS
where
C2= 4. 67 R 1 2 _ R 1 1.71411 /2 + ( R 2 2 
_ 1{ 1.714) 1/2	 (3)
and
R 	 Pon/Fo S = wing area, n = 1, 2
Equation (3) is derived in Appendix  and was used during wind tunnel testing
to provide a quick estimate of the blowing coefficient, C'µ . The measured
thrust as shown in Figure 18 is approximately 7416 of the isentropic thrust.
These results are consistent with the results previously reported in References
1 and 4. The results indicate that the jet expansion and mixing losses account
for about 26% of the maximum thrust available. The thrust flux as a function
of average VDT tank pressure is presented in Figure 19 and can be used to
estimate the actual thrust available from a given VDT nozzle configuration.
I
Static blowing tests were also conducted with the model center section
only using an oil- flow technique to determine the VDT jet angle as observed
from the jet efflux. A mixture of light gear oil, titanium oxide, and oleic
acid was used to indicate the streamline flow of the jet efflux. The oil mix--
tune was evenly and thinly spread over the surface of a metal plate contoured
to fit around the VDT cylinder. The jet efflux produces a pattern in the oil
mixture which can be used to measure the jet angle, 0 j , as shown in Figure 20.
A comparison of the reaction force jet angle, 9 jf, and the jet angle determined
by the oil trace, 9 j , is presented in Figure 21, which indicates a maximum
difference of approximately 3 deg for the jet angular range considered.
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Therefore, for the tests of the model center section only, it was assumed
that 9 j f ^ 0 1 . A calibration curve and derived approximating equations
relating the pressure difference in the VDT tanks to 9 i for use during wind
tunnel testing are presented in Figure 22.
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WIND TUNNEL TESTS
Test Program
Steady-state tests of helicopter VDT-blade model, - Most of the steady-
state tests of the helicopter VDT-blade model (Figure 15) were made with all
three model sections having the same blowing parameters. However, some
tests were conducted with the center section jet blowing at various angles
and the end section jets either not blowing (C µ = 0) or blowing at 6  = 0. End
plates were not used on the center section during these tests, and center
section blowing could influence the neighboring unblown sections. Since for
normal helicopter applications sectional blowing would be used, the tests
with ;enter section blowing only provided information as to three-dimensional
effects and the effectiveness of sectional blowing for improving performance.
The ranges of parameters for the steady-state tests were the following:
• Angle of attack: a = 0 to 21 deg, most data was obtained for
a = 0 and 12 deg.
0	 Blowing coefficient: C,, = 0 to 2. 0, most data was obtained for
Cµ =0to0.97.
•	 VDT jet angle: of = 0 to 90 deg
r Free stream dynamic pressure: q. = 10 to 100 psf
• Maximum VDT tank pressure for two jets operating (except for
jet detachment studies): P ot , Pot s 05 psig.
Dynamic tests. - Dynamic tests were conducted using tale helicopter VDT-
blade model with the center section VDT jet oscillating at various frequencies.
These tests were conducted to de g.?rmine some of the dynamic lift charac-
teristics of the model center section without end plates. The dynamic test
program was set up to ccr, relate as much as possible with the steady-state
tests. The ranges of parameters for the dynamic tests were:
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• Angle of attack: a = 0 and 12 deg.
•	 Blowing coefficient: C. = 0. 171 to 0. 97.
ft Average jet angle, 0 j m = 0 to 30 deg.
•	 Free stream dynamic_ pressure: q. = 0 to 100 psf, most data
obtained for q.
 = 30 and 60 psf.
• Maximum VDT tank pressures: P o1 , Pot s 60 psig.
•	 VDT jet angle amplitude: A0. = 15 to 45 deg.
•	 Jet oscillation frequency: f = 1 to 14 Hz.
Stead,-state tests using model center section with end plate s. -- Steady-
state tests using the model center section with end plates and installed on a
VSB-8 balance system (Figure 16) provided a more extensive performance
5
evaluation of the model center section. 'These tests were conducted for the
following ranges of parameters
• Angle of attack: a = 0 to 20 deg
• -Blowing coefficient: Cµ = 0 to 1. 5, most data was obtained for
C =0to1.1.µ
•	 VDT jet angle: ej = 0 to 50 deg.
•	 Free stream dynamic pressure: q. = 8. 5 to 100 psf.
• Maximum VDT tank pressure for two jets operating:
Po1, Pot :9 83 psig.
11Z I
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Data Reduction Method
The force measurements obtained from AAMRDL's wind tunnel scale
balance system and from the LTV balance system were computer reduced
to obtain the aerodynamic coefficients. Model surface pressure distributions
were integrated to determine the aerodynamic coefficients and served as a
check on the balance system data. The pressure data was primarily used
for center-of-pressure determinations, since it proved to be more consistent
than the tunnel scale balance data. The method used for pressure integra-
tion over the model surface is presented in Appendix C.
Most of the internal balance system data for the steady-state tests was
not used for the reasons previously discussed. Apparently, there was inter-
mittent binding of the compliance joint connecting the air supply ducting to the
model center section, and this adversely affected the chord force measure-
ments with minor effects on normal force measurements. The internal
balance system was used for the dynamic tests, because only the fluctuating
forces on the model center section were of interest. Since the ratio of
dynamic to steady 1,2t forces is the parameter of primary concern, the minor
variations in normal force measurement should not seriously effect the
._. r es-u^ ts.
The exit flow coefficient for the VDT jet nozzles was determined from
the ratio between metered mass flow measurements anO the corresponding
calculated isentropic mass flow. The average ratio was approximately 0. 94.
Therefore, the actual blowing coefficients were taken to be 94% of the values
calculated from equation (3)e
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TEST RESULTS -- VDT-BLADE MODEL
Initial tests were conducted with increasing VDT tank pressure until the.
VDT jet detached. It was found that the VDT jet detached from the cylinder
for somewhat lower pressures than anticipated, and this could have been
partly due to a non-uniform velocity profile. From Figure 8 it is indicated
that VDT jet detachment for two jets at equal pressures would normally occur
for VDT tank pressures of approximately 80 psig at q. = 0, It was observed
for two jets that detachment occurred for pressures of approximately 6 5 to
70 psig for q. w 30 to 60 psf.
Photographs of the model showing two types of VDT jet detachment as
observed on the low-pressure side of the airfoil are presented as Figure 230
In Figure 23(a) the VDT jet has detached on the bottom section of
-
the model as
indicated by the divergence of the tufts near the trailing edge. It appears that
only that part of the VDT jet near the model center section has detached, since
the tufts on the lower part of the model appear unaltered. It is also noted in
Figure 23W that the tufts on the center section adjacent to the bottom section
turn toward the model centerline. This is caused by the change in circulation
on the bottom section resulting from the jet detachment. Figure 23 (b) shows
VDT jet detachment for both the model bottom and center sections as indicated
by the tufts near the trailing edge. The bottom section jet detachment is as
previously discussed. The center section jet has partly detached adjacent to
the model top section. There were no indications of jet detachment on the top
model section for these particular tests. Most tests of the VDT-blade model
were subsequently conducted with tank pressures equal to or less than 65 psig
'to avoid jet detachment.
With VDT jet blowing at all sections the model began to stall intermit-
tently at an angle of attack of 12 deg as readily observed from the tufts. A
typical example of this type of stall is shown in Figure 
.24.e . The tufts in Fig-
ures 24(a) and 24(b) indicate unstalled and stalled conditions, respectively.
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For some thin and medium airfoils (thickness ratio s 10%), leading-edge
separation has been noted with increasing angles of attack through stall
(Ref. 7). However, for the current airfoil (thickness ratio N 14. 7Q the
boundary layer separation apparently moves forward from the trailing edge
with increasing angle of attack to produce a gradual stall that was first per-
ceptible for these tests at an angle of attack of 12 deg. The reversed-flow
region on the bottom section is clearly indicated by the tufts over most of
the airfoil surface downstream of the leading edge [F igure 24(b)]. This
phenomena has been noted by other investigators for thickvings, flapped
wings, and highly cambered wings (Ref. 7). At an angle of attack of 16 deg,
the model was completely stalled for most speeds.
For tests with center section blowing only, it was observed from the tufts
that the other sections were affected by the increased circulation around the
center section. This is shown in Figures 25 and 26 for an angle of attack of
12 deg and VDT jet angles from 0 to 45 deg. The tufts near the trailing edge
of the center section are deflected toward the model centerline as are the
tufts on the end sections directly adjacent to the center section. This means
that the airflow on the low-pressure side of the end sections next to the center
section is being deflected toward the center section. This is a three-
dimensional phenomena that decreases the lift on the center section below that
observed for two-dimensional testing at the same flow conditions when all
three sections are blowing. Figures 25 and 26 show the model unstalled and
with the bottom section stalled, respectively.
Some test data for the three-sectioned VDT-blade model was omitted
from this report, because test data on the center section with endplates pro-
vided more complete data. The data presented for the complete VDT-blade
model is primarily to indicate model performance with all sections blowing
and with center section blowing only.
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Steady-State Tests
Basic nonblowing tests. - The basic nonblowing VDT-blade data is pre-
sented in Figures 27 through 32. The lift coefficient of the blade is compared
with NACA 0012 airfoil data obtained from Reference 8 and Joukowski theory
in Figure 27. The results from an integration of the blade surface pressure
distribution are also included. It is observed from Figure 27 that truncating
the NACA 0012 airfoil section at the 80^ chord for the VDT-blade has appar-
ently changed the lift characteristics. One reason for the change in lift
characteristics is that the truncated section does not produce much lift, and
the VDT-blade lift coefficient is determined from a reduced chord length.
Another possible reason is associated with the effective VDT-blade thickness
of approximately 14, 7^ The Joukowski theory shown in Figure 27 is for a
two-dimensional thin airfoil, and the slope of the lift curve increases with
airfoil thickness, being approximately 2. 221-. for a 154 thick airfoil (Ref. 9).
This can account for the lift curve slope of the blade slightly exceeding that
of the theory in Figure 27.
The drag coefficient of the blade as compared with NACA 0012 data from
Reference 8 is presented in Figure 28. The truncated blade has a higher drag
coefficient than the standard smooth NACA 0012 airfoil up to angles of attack
near stall. For stall conditions, the truncating effect is apparently reduced
and the drag coefficients of the standard smooth NACA 0012 airfoil and the
VDT-blade appear to be similar. For an NACA 0012 airfoil with rough leading
and trailing edges, the drag coefficient apparently exceeds that of the VDT-
Wade for angles of attack greater than 10 deg. The polar curve for the VDT-
blade is presented in Figure 290
The leading edge and quarter-chord moment coefficients for the VDT-
blade are shown in Figures 30 and 31. The center of pressure was calculated
from the standard relationship
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and is presented in Figure 32. The characteristics shown in Figures 30
through 32 for the VDT-blade are normal for a symmetrical airfoil.
Tests with all VDT blade sections blowing. - The lift characteristics of
the VDT blade with blowing at angles of attack of 0, 8 and 12 deg and for VDT
jet angles of 0, 10 and 20 deg are presented in Figures 33 through 35. Sinc-
the jet angle as determined from force measurements and oil traces are
approximately equal, e j f and 0  are used interchangeably, although most of
the data for the VDT--blade is based on ej f . The familiar theory of Spence
(Ref. 10) for a thin jet-flapped wing is included in Figure -33 for comparison.
Spence used thin airfoil, theory for inviscid, incompressible flow past a two-
dimensional wing and derived a solution for small jet deflection angles.
Noting that for a jet-flapped model
o2
CL
 = f(a, 0i ), dCL
aC	 ac
^a da + a 0L dBj
i
which in the linear approximation of Spence becomes
aC	 aC
CL as a + a 9l. ej
J
Spence showed that
CL = 4nA o 0j + 2n (1 + 2 B o ) a
where A  and B o are Fourier coefficients. Therefore, by plotting curves of
aC
aCL =2Tr (1+2B ) and 3 -
L 
=4nA
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Spence determined that
a—L = (2n + 1, 152 C 1/2 + 1. 106 C + 0. 051 C 3/2 )	 (6)
as	 µ	 µ	 µ
ac  = (3. 54 ^' 1/2 + 0. 325 C + 0. 156 C 32 )	 (7)µ	 µ	 µ
and therefore
CL = (2rr + 1. 152 C,µ1/2  + 1. 106 C µ + 0.051 Cµ32 ) cr
(8)
+ (3. 54 C`µ12 + 0. 32 5 C_ 	0, 156 C' 1132 ) 0j
to a good approximation. The experimental results in Figure 33 show lift
coefficients higher than that predicted by the theory. This could be the result
of the VDT-blade not being a thin airfoil or due to some lack of accuracy in
VDT jet angle determination.
The lift coefficient increase with blowing for angles of attack of 8 and 12
deg are presented in Figure 34. Fair agreement exits between theory and
experiment. At an angle of attack of 8 deg, the point for Cµ = 0 is seen to be
, high compared to the curve. Since all the points are substantiated by pres-
sure and balance measurements, the effective VDT jet angle being off slightly
could account for this variation.
The lift coefficient increase at zero angle of attack with the center section
blowing at 0j
 = 20 deg and the end sections blowing at 0j = 0 is presented in
Figure 35, This condition is similar to one that would occur in a helicopter
VDT-rotor blade application, where blade sections would have different
amounts of blowing. A. comparison with theory and the results of Figure 33
show that the center section lift has decreased from that obtained with all
sections blowing at the same jet angle. The center section lift coefficient in
Figure 35 has decreased at Cµ
 ^ O. 3 approximately 21% from that shown in
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Figure 33. Some of this decrease is caused by three-dimensional phenomena.
Although all sections are blowing, the increased circulation around the center
section will cause an inflow toward the centerline on thel:ow -pressure airfoil
surface and an outflow on the high-pressure surface. This is similar to that
observed for a wing of finite aspect ratio. In general, it could be anticipated
that blowing the center section only with no blowing at the end sections would
show a similar effect with a greater decrease in the lift coefficient.
The VDT -blade drag coefficient decrease with blowing for angles of
attack of 8 and 16 deg at 0j
 = 0 is presented in Figures 36 and 37. The slopes
of the curves show that the drag reduction is approximately 66 and 75% of the
jet momentum as indicated by the blowing coefficient, C µ , It was shown from
static tests and presented in Figure 18 that the actual VDT jet thrust is
approximately 744 of the isentropic VDT jet thrust. Therefore, Figures 36
and 37 indicate that from 86 to 100% of the available VDT jet thrust serves to
reduce the drag. This is consistent with the results of Foley and @uanbeck
(Ref. 11, 12), and the results of Reference 4. It will be shown in more detail
for test results of the center-section with end plates that similar VDT jet
thrust recovery occurs for VDT jet angles up to 50 deg.
The quarter-chord moment coefficient for the VDT blade at angles of
attack of 0 and 12 deg is presented in Figures 38 and 39. At an angle of attack
of 12 deg, where intermittent stall was observed to occur (Figure 24), the
quarter-chord moment coefficient at 0j = 0 remains essentially zero (Fig-
ure 39). More complete data for the quarter-chord moment characteristics
is presented in the test results for the center-section with endplates.
The center of pressure for the VDT blade was determined for angles of
attack from 0 to 16 deg and for VDT jet angles up to 20 deg.
	 The results are
presented in Figures 40 through 43.	 A theoretical approximation to the leading
edge moment coefficient at zero angle of attack can-be obtained from Reference r
13 as follows:
CM	 - - (0. 121 + 0. 986 Cµ + 1. 126 C^ 1/2 ) 0j	 (9)
t
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CL
which is independent of the VDT jet angle, 9j, and combining equations (8) and
(9) for zero angle of attack, the approximate theoretical relationship as ob-
tained in Reference 4 for the center of pressure is
0.1.21+0.986 Cti +1.126Cµ1 2
CP
	 1/2 (10)3. 54 Cµ + 0, 32 5 Cµ
The center of pressure variation with blowing at zero angle of attack for
Bj ^ 10 and 20 deg is presented in Figures 40 and 41 with the theory from
equation (10). It is shown that the center of pressure for the VDT-blade
increases from the no-blowing condition of CP ^ 0. 2 5 to a maximum of
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approximately CP ^ 0. 51 at C^ 1. 0. The theory from equation (10) predicts
a corresponding CP F­J 0. 57, which is in fair agreement. There seems to be a
negligible shift in center of pressure with jet angle for the jet angles con-
sidered.
Figures 4 2 and 43 show the VDT—blade center-of-pressure variation with
blowing for angles of attack through stall (a = 16 deg). For 01 = 0 there
appears to be only a slight increase in center of pressure with increased
blowing, and the center of pressure moves less than 0. 05 from the quarter-
chord point for Cµ P--J 1. 0. Figure 43 shows that at a = 12 deg the center of
pressure is still independent of jet angle for 0  = 10 and 20 deg.
Tests with center section blowing only. - The lift, drag, and quarter-
chord moment coefficients obtained for the VDT-blade at a = 0, 12 deg and
0j
 = 20 deg with center section blowing only are presented in Figures 44
through 46. Again, this condition_ is similar to what could occur for a heli-
copter VDT rotor, where only one section of the blade might be blown. The
adjacent sections remained unblown for these tests, and no end plates were
used.
It is indicated from Figure 44 that at a = 0 and ej = 20 deg, the lift of the
center section has decreased approximately 34% at Cµ = 0. 3 from that pre
viously obtained for all sections blowing with the same jet angle (Figure 34).
This represents an additional decrease of 13% from that shown in Figure 35
for the same conditions but with the end sections blowing at 0 i = 0. This
effect was anticipated because of increased three-dimensional phenomena
when the end sections are not blowing. However, more test data is needed to
fully substantiate this result. A similar comparison for a = 12 deg and 0 j =
20 deg at Cµ = 0. 6 indicates that center section lift has decreased less than
22% from that previously shown in Figure -34 for all sections blowing equally.
The total VDT-blade lift increases as affected by center section lift increase.
These results indicate that center section lift might be influenced by angle-af-
attack variation, differential section blowing, or combinations of both: More
test data is required to substantiate these results.
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The drag coefficient of the VDT-blade with center section blowing only at
a = 0, 12 deg and 0. = 20 deg are presented in Figure 45. The slopes of the
drag curves indicate that not as much drag reduction occurs as would be antici-
pated. With only one section blowing, drag reduction should be approximately
one-third of that obtained when all sections are blowing equally. Without con-
sidering corrections for the "drag-due-to-lift" (Ref.	 4, 11,	 12), which will be
discussed later, the drag curve slopes of 0. 15 and 0. 20 (Figure 45) indicate
that approximately 59 to 78% of the available jet thrust is being recovered as
drag reduction. Again, more test data is needed to substantiate this result.
The quarter-chord moment coefficient variation with increased blowing at
a = 0, 12 deg and 01
 = 20 deg is presented in Figure 46, The moment coeffi-
cient is not affected by the change in angle of attack.
Dynamic Tests
Dynamic tests were conducted with the VDT-blade model for center see-
tion blowing only without end plates. The dynamic value was used to oscillate
the VDT jet at various frequencies with different mean jet angles and angle
amplitudes.
`t
	
	 During the tests it was noted that the tufts on the model surface fluctuated
toward and away from the model centerline with the jet oscillation. This was
caused by the changes in circulation and, consequently, the switching of the
low-pressure side of the airfoil demonstrating the three--dimensional
phenomena mentioned previously.
...	 f
Rather severe wind tunnel structural resonance was noted at a = 0 for a
jet oscillation frequency of 3 Hz, and a combined model and supporting system
resonance occurred for jet oscillations of 13 Hz. These frequencies where
resonance occurred were avoided except for general interest. Since the
maximum jet oscillation frequency using the dynamic valve with the 1-hp
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Rmotor was 14 Hz, most test results near this frequency were discarded be-
cause of resonance phenomena. For a = 12 deg the adverse effects of
resonance were not obvious at jet oscillation frequencies of 3 and 13 Hz as
for a = 0. This was possibly because of the change in model orientation and
the resulting change in aerodynamic loading.
Typical waveforms showing the fluctuating VDT-blade tank pressures
and forces are presented in Figure 47. The fluctuating lift and pressure
amplitudes were scaled directly from these waveforms. Figure 47 is for a
frequency of 10 Hz (w = 0. 71) and C µ = 0. 2 5.
The time lag from the pressure peak (P o2 ' ) in the VDT tank to the normal
force peak as indicated by NR (rear levers) is less than 8 msec (Figure 47).
The normal force as indicated by N F. (front levers), which measures less
force than NR , shows negligible time lag between its peak and that of the VDT
tank pressure (P o2 ' ). Therefore, the dynamic response between the VDT tank
pressure peak to the VDT-blade lift peak is less than 8 msec for the conditions
stated. The dynamic pressure transducer in the VDT tank (P a2 ') was used to
determine the tirme lag from Figure 47 and other waveforms.
For a dynamic response of 8 msec, the corresponding phase lag at
f = 10 Hz (w = 0. 71) is approximately 0. 5 rad (28. 7°). This phase lag (0. 5 rad)
at the reduced frequency, w = 0. 71, for C^ = 0. 2 5 agrees well with the experi-
mental results of Takeuchi (Ref. 14) and the two-dimensional theory of
Spence {Ref. 15).
It was noted from the waveforms that the VDT tank pressure amplitudes
decreased with increasing jet oscillation frequency, although the mean VDT
tank pressures (and, consequently, the jet thrust) remained constant. The
pressure amplitude and the corresponding VDT tank maximum pressure
decrease caused a similar decrease in the jet angle amplitude and maximum
jet angle. This can be seen from the relationship
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K = 2. 0 to 2. 18
which is derived in Appendix B and was used to calculate the jet angles for the
dynamic tests.
Some of the dynamic test results were inconsistent possibly due to inter-
mittent balance system difficulties. However, the data for a = 0 and 12 deg
at a mean 'VDT jet angle, 0 - = 0, is consistent and is presented in Fig-
ures 48, 49 and 50 to indicate the basic trends. The maximum VDT jet
oscillation frequency was 14 Hz, which corresponds to a reduced frequency
(w) of approximately 1. 0 to 1. 1 depending on the free-stream velocity.
The ratio of the absolute value of the maximum jet angle amplitude for
increasing frequency to the maximum jet angle amplitude at f = 1. 0 Hz,
Joej I /Aej, has been plotted in Figure 48. The data in Figure 48 shows the
decrease in the maximum VDT jet angle with increasing jet oscillation fre-
quency.
Since CL = f(a, 0j ) as shown in equation (8), the dynamic lift decreases
with decreasing ®9j. The ratio of the absolute value of the dynamic lift for
increasing frequency to the lift at f = 1. 0 Hz (approximately steady-state lift),
C L I / CL, is plotted in Figure 4P to show how the dynamic lift varies with
increasing jet oscillation frequency. As shown in Figure 49 the dynamic lift
decreases with increasing jet oscillation frequency and reaches a minimum
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Figure 49. Dynamic Lift Variation With Increasing
Jet Oscillation Frequency
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t
value at W = 0. 7. At w = 1. 0 the dynamic lift is shown to have increased
above the minimum value. However, the data at w = 1. 0, especially for
a = 0, is in error due to resonance phenomena and overemphasizes the
dynamic lift increase.
To eliminate the effect of the VDT jet angle roll-off with increasing jet
oscillation frequency, a dynamic lift parameter was defined for the model
center section as
A ^-
CL
CL
oei
and is plotted as a function of the jet oscillation frequency in Figure 50.
There appears to be no significant change in the dynamic performance at
a = 0 for C  and 60j
 values between 0. 24 to 0. 75 and 15 to 30 deg, respec-
tively (Figure 50). The basic trends of the data are in fair agreement with
the experimental results of Takeuchi (Ref. 14) up to a reduced frequency of
approximately 0. 8. However, the data in Reference 14 is for full-span
blowing, and the current tests are for only the center section blowing (no
end plate s)on the three-sectioned VDT-blade model, which includes three-
dimensional effects and would require the determination of an effective
aspect ratio for a better comparison. The data shown at w = 1. 0 is in error
because of resonance phenomena. This could account for the unsteady lift
parameter, ^, exceeding the limits shown from Reference 14 at w = 1. 0.
The data for a = 12 deg does not indicate any resonance effects and is con-
sistent. In general, for a constant jet oscillation angle, the absolute dynamic
lift appears to increase above the steady-state lift value with increasing VDT
jet oscillation frequency for a = 0 and 12 deg. However, additional dynamic
testing is regaired with the VDT-blade to substantiate these basic trends and
fully establish the blade's dynamic performance. 'These additional tests
should include higher jet oscillation frequencies.
66
TEST RESULTS --- VDT-BLADE CE1 T` TER SECTI®N
WITH END PLATES
The center section of the VDT-blade model was removed and wind-tune al
tested alone, using approximately 5 x 8-ft end plates. These tests provided
considerably more basic blowing data than the tests with the complete VDT-
blade model, and overall steady-state model performance can be determined
from the test results.
The VDT jet with both jets blowing equally separated from the cylinder
for tank pressures of approximately 84 psig for q .
 ^ 65 psf. However, for
lower dynamic pressures, the jet remained attached. These results are con-
sistent with those that can be calculated from Figure 8, where jet separation
is predicted to occur for tank pressures of approximately 80 psig at qm = 0.
Since detachment occurred with increasing q^ for a given tank pressure,
it verifies that the local pressure at the VDT jet nozzle exit is a controlling
parameter for jet detachment. The subsequent tests were conducted with one
or both VDT tank pressures less than 83 psig to avoid jet detachment.
Lift Characteristics
The basic nonblowing lift characteristics for the model center section
` 	 only are presented in Figure 51. The lift and the lift curve slope is less fih3n
that previously presented in Figure 27 for the complete VDT--blade. This is
primarily due to the decrease in effective aspect ratio for the model center
section configuration. This conclusion is warranted since good agreement
exists between the scale balance and pressure lift data. Although relatively
large end plates were used with the center section, the effective aspect ratio
is less than that of the complete VDT-blade. The effective aspect ratio can
be determined from the standard formula for the slope of the lift curve
a
a	 o a..
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where AR  is the effective aspect ratio, a  is the slope of the lift curve for
infinite aspect ratio, and a is the slope.of the lift curve for finite aspect
ratio. If a  is taken as 2. 22TT for the slope of a two -diMensional;_.,1.5% thick
airfoil (Ref. 9), and a is taken from Figure 51, then the formula can be solved
for AR 
e* 
This was done, and the effective aspect rai7-o was found to be
approximately 8. 0. In general, Joukowski theory assumes an "airfoil effi-
ciency factor", n = 1. 0 (Ref. 9, 16, 17), where
C L
 = 2TT rya
Experimental results for the normal range of flight Reynold numbers
indicate that	 0. 84 to 0. 90 (Ref. 16, 17), which is consistent with TJ Zze 0. 87
shown in Figure 51 for the current test results.
The lift characteristics with VDT jet blowing are presented in Figures 52
through 57 for a = 0 to 20 deg. Spence's theory (Ref. 10) is also included for
comparison. In general, fair agreement exists between the theory and experi-
mental data at a = 0. However, with increasing angle of attack, the agree-
ment becomes poorer. This is most likely the result of limitations of the
thin airfoil theory. The general scatter of the data at all angles of attack is
primarily due to the difficulties associated with measurement of the jet angle.
It is shown in Figure 57 that jet blowing can increase the lift even for angles
of attack equal to or greater than the stall angle of the unblown wing.
Drag Characteristics
The drag characteristics with VDT jet blowing are presented in Fig-
ures 58 through 63 for a = 0 to 20 deg.	 It can be seen that the drag reduc-
tion decreases with increases in jet angle and angle of attack, which is to
be anticipated. For a a 8 deg, the drag initially increases from the C ,, = 0
conditi.4:_^ for jet angles where 9j
 30 deg. For a = 20 deg, there is negligible
drag reduction for 0.J = 30 deg, and the drag Increases with increased blowing
for 9j
 = 40 deg. This would seem to indicate that thrust recovery decreases
as jet angle increases. However, in order to evaluate thrust recovery, it
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Figure 57. Lift Coefficient as a Function of Blowing Coefficient -
Center Section with End Plates, a = 20 deg
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Figure 59. Drag Coefficient as a Function of Blowing Coefficient -
Center Section with End Plates, a = 4 deg
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Figure 62. Drag Coefficient as a Function of Blowing Coefficient --
Center Section with End Plates, a = 16 deg
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Figure 63. Drag Coefficient as a Function of Blowing Coefficient -
Center Section with End Plates, a = 20 deg
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is necessary to consider the drag of a hypothetical unblown wing that can
attain the same lift values as the blown wing.
Thrust recovery. - There has been considerable discussion concerning
thrust recovery for jet-flapped airfoils, and how thrust recovery should be
defined (Ref. 11, 12, 18-21) . Spence's theoretical analysis (Ref. 19) indi-
cated that for a jet--flapped airfoil the complete jet momentum should be
recovered as drag reduction independent of the jet angle in two--dimensional
inviscid flow. Foley (Ref. 11) experimentally demonstrated almost complete
thrust recovery independent of jet flap angle. Additional discussion and ref-
erences pertaining to complete thrust recovery ar6 ­ uontained in Reference 4.
However, in Reference 21 it is indicated that thrust recovery decreases with
jet angle increase. For the current work the recovered thrust is the differ-
ence between the measured drag on the blown airfoil and the predicted drag
on a similar hypothetical unblown airfoil, which is producing the same circu-
lation lift as the blown airfoil. The hypothetical airfoil is hypothetical in the
sense that its linearized drag polar is the same as that of the conventional
unblown airfoil and can simply be extrapolated to the higher lift values of a
blown airfoil without stalling. This definition was used by Foley and
Quanbeck (Ref. 11, 12) .
The thrust recovery of the VDT jet is evaluated considering the various
drag components. The measured drag coefficient, C D , is the sum of the
zero lift drag coefficient, C Do , the drag coefficient resulting from lift, CDL'
and the actual thrust due to jet blowing. Therefore,
C D - C Do + CDL X C µ	(12)
where the percentage of blowing that results in drag reduction is indicated by
X. To.-determine C Do and C DL , the linearized drag polar, C L 2 versus CD,
for the unblown wing has been plotted in Figure 64. The total drag coefficient
of the hypothetical unblown wing can be estimated as determined from the
curve slope in Figure 64 as
t
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1C D h CDo + CDL
0. 024 + 0. 070 C L 2 (13)
For the blown wing, the lift resulting from jet reaction must be deleted to
determine the lift coefficient, C I s , resulting from supercirculation. There-
fore
CLs = C L - C µ sin (a + ej)	 (15)
and
C D L = 0.070 C Ls 2	 (16)
The total drag coefficient of the blown wing is
C D =C D o + C DL - x C µ	(12)
C D = 0. 024 + 0. 070 C Ls 2 - C µ	(17)
or
CD = 0. 024 + 0. 070 [C L - C µ sin (a+Bj) ] 2 - a C µ	(18)
Noting that without blowing C Ls = C L [equation (15) ] and that drag compari-
sons between the blown and hypothetical unblown wings must be made at the
same lift values, equations (13) and (17) can be combined to obtain the drag
coefficient difference, BC D , between the blown and unblown wings. This drag
coefficient difference can be related to the blowing coefficient. Therefore,
the drag reduction, .BC D , due to blowing is
BC D = C D
 - C Dh - - Cµ	 (10)
and
BCD
_
	
	 (20)
C
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Equations (19) and (20) are determined in a similar manner in References 4,
11, and 12. If all the blowing results in thrust recovery, then X = 1. 0, and
complete isentropic thrust recovery is obtained.
Plots of BC D versus C 4 are presented in Figures 65 through 69 for the
drag data previously presented in Figures 58 through 62. The slope of the
curves in Figures 65 through 69 gives the average value of X, which is
X ^& 0. 72. Since the ratio of actual static thrust to ideal or isentropic thrust
is approximately 0. 74 (Figure i8), X ^ 0.72 indicates that approximately 97,
or essentially all of the available thrust is recovered. These results are in
agreement with those of References 4, 11, and 12.
Polar characteristics. - Some polar curves with blowing have been deter-
mined from cross plots of Figures 52 through 68 and are presented in Fig-
ures 7 0 through 72 for a = 0, 8, and 16 deg. These curves indicate the lift-
drag characteristics for the VDT-blade. For a given 0
J
 on the curves, the
blowing coefficient increases with decreasing drag and increasing lift. The
maximum lift increase per unit thrust is obtained at the low blowing coeffi-
cients as previously indicated in Figures 52 through 56. This region of high
jet flap efficiency is of particular interest for aircraft flight control. To gain
some additional insight into the lift-drag relationship and VDT jet flap effi-
ciency, the aerodynamic efficiency as defined by the lift to equivalent drag
ratio (L/ D e) will be considered.
Aerodynamic efficiency. - The power required to provide air for the VDT
jet flap can be used to define an aerodynamic efficiency with blowing. The
efficiency is highest when lift is produced with minimum power consumption.
The compressor power required (P r) to provide a specific blowing coefficient
for the model center section was calculated and used to estimate efficiency.
The power required was calculated for adiabatic compression assuming 100%
compressor efficiency. The aerodynamic efficiency for blowing is defined as
L' De = DV LVP	 (21)
00	 r
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Figure 68. Drag Reduction Due to Blo-ixing - Center Section with
End Plates, a = 12 deg
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where the effective drag, D e , includes the power requ_^ red for b'_nwing. For
unblown cases L/D e = L/D. Curves of L/D e versus C µ
 are presented as
Figures 73 and 74 for a = 0 and 8 deg and 6 j = 20 and 50 deg. These curves
indicate the general trends for efficiency.
Since lift is not generated at a = 0 without VDT jet blowing (Figure 73),
the efficiency increases with blowing for all C µ
 values attaining a maximum
value at Cµ 0.05. The best efficiency range is for C µ s 0. 1, and the over-
all efficiency increases with increases in jet angle. The efficiency decreases
with increased blowing even though more lift is produced, since the power
required for blowing increases more rapidly than the lift, and this increases
the effective drag, De.
At a = 8 deg (Figure 74), the same basic trends are shown as for a = 0.
However, here it is indicated that for some jet angles at a > 0, the maximum
efficiency will occur for C µ 0 and continually decrease with increased
blowing. It is also indicated from Figures 73 and 74 that the efficiency
(L/D e) becomes less dependent on a and o f with increased blowing. The
blowing range for the best efficiency falls primarily in the region of boundary
laver control for the airfoil (Ref. 18). For the best efficiency and power con-
servation, it is best to operate in the range, C µ s 0. 1 .
Moment and Center-of-Pressure Characteristics
The variation of the quarter-chord moment coefficient with VDT jet
blowing for a = 0 to 20 deg is presented in Figures 75 through 80. The
quarter-chord moment coefficient is essentially constant at a given jet angle
for angles of attack up to approximately stall. The theoretical curve for the
quarter-chord moment coefficient at a = 0 (Figure 75) was derived using
equations (8) and (9) combined with the moment coefficient expression
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Figure 75. Quarter-Chord Moment Coefficient Variation with
Blowing -- Center Section with End Plates, a = p
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Figure 76. Quarter-Chord Moment Coefficient Variation with
Blowing -- Center Section with End Plates, a = 4 deg
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Figure 77. Quarter-Chord Moment Coefficient Variation with
Blowing - Center Section with End Plates, a = S deg
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Figure 78. Quarter-Chord Moment Coefficient Variation with
Blowing - Center Section with End Plates, a = 12 deg
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Figure 79. Quarter-Chord Moment Coefficient Variation with
Blowing - Center Section with End Plates, a = 16 deg
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Figure 80. Quarter-Chord Moment Coefficient Variation with
Blowing - Center Section with End Plates, a = 20 deg
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to obtain
C M	= - (0. 121 +0. 887 C µ +0. 241 C µ 1 2 - 0.039 C µ 3/2 ) 0j , a = 0 (23)
c/4
In general, the experimental quarter-chord moment coefficients are larger
than those predicted by the theory.
The ratio of leading edge moment coefficient to jet angle has been plotted
versus blowing coefficient and is presented in Figure 81. The theoretical
curve was obtained from equation (9). The experimental and theoretical
trends are similar, and general agreement is fair. However, the experi-
mentally obtained moment coefficients are higher than those predicted for a
pure jet flap as previously shown in Figure 75. There is good agreement
between theory and experiment for 0 1 = 10 deg, which could indicate inaccu-
racies in large jet angle measurement or the limitations of the theory.
The effect of jet blowing on the center of pressure for angles of attack
from zero through stall is shown in Figures 82 through 87. The theoretical
curve for center-of-pressure variation at a = 0 (Figure 82, was obtained
using equation (10), which has a singularity as C  = 0. Fair agreement is
shown in Figure 82 between theory and experiment. The center of pressure
at a = 0 appears to be independent of jet angle; 0j , as predicted by theory.
The center of pressure with constant blowing moves toward the leading edge
with increasing angles of attack. When the lift is due entirely to blowing
(a = 0), the center of pressure for C µ
 = 0. 7 is at approximately 0. 61 c (Fig-
ure 82). However, as the angle of attack increases, the center of pressure
shifts forward such that at a = 20 deg it is at approximately 0. 44 c for
C µ
 = 0. 7. The center of pressure at C µ
 = 0 remains essentially constant at
0. 22 to 0. 25 for a = 0 to 20 deg.
In Figures 83 through 87 it is seen that the center of pr Ossure becomes
more dependent on jet angle with increasing angle of attack. The slight
rearward shift of the center of pressure for 01 = 0 results from the jet
reaction causing an effective chord length increase with increased flowing.
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LIFT-PRESSURE DISTRIBUTION RELATIONSHIP
FOR VDT-AIRFOIL
the lift developed by a conventional airfoil can be determined by meas-
uring the pressure difference between tyro points near the leading edge on the
airfoil upper and lower surfaces. However, for a VDT-airfoil the trailing
edge blowing causes the lift not to be a simple function of the leading edge
pressure distribution.
Calculations were conducted using a modification of the potential flow
method presented in References 23 and 24 to predict the pressure distribution
of a VDT-airfoil and to check the feasibility of using surface pressure meas-
urements to determine lift. These calculations indicated that the midchord
pressure difference between the VDT-airfoil top and bottom surfaces is a
linear function of the lift. The experimental data presented in Figure 88
verifies the prediction, and lift-sensing can be accomplished simply by using
two midchord pressure taps regardless of the combination of angle of attack,
blowing coefficient, and VDT jet angle used to produce the lift. For more
accurate lift-sensing, it might be desirable for some flow conditions to use
more than two pressure taps. These differential pressure signals can be
amplified with fluidic circuitry and used to control the VDT jet and, conse-
quently, the VDT-blade lift. This should facilitate the development of a heli-
copter VDT-blade having a fluidic control system for lift modulation and con-
trol. The development of a fluidic system for sensing and contrclling the lift
on the VDT-blade model is the basic objective of Phase II of this program.
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CONCLUSIONS
The following conclusions may be drawn from these investigations:
• The VDT is an effective lift-producing device with simultan-
eous drag reduction, without the use of moving parts. By
increasing the blowing coefficient, the lift coefficient for the
VDT-blade can be increased at all angles of attack up to and
including stall.
• The VDT-blade lift can be sensed from the differential pres-
sure at midchord. The lift varies linearly with the pressure
differences .
• The statically measured thrust for the VDT jet is approxi-
mately 74% of the ideal thrust. For the test range consid-
Bred, approximately all of the available jet thrust is
recovered as drag reduction independent of the jet angle.
•
	 The ratio of dynamic to steady-state lift increases with
increased VDT jet oscillation frequency for a constant
oscillation angle. The dynamic response of the VDT
device is approximately 8 msec for a jet oscillation
frequency of 10 Hz. This corresponds to a phase angle
of approximately 0. 6 radian.
• For the best continuous blowing efficiency and power con-
servation, blowing should be done for C .  s 0. 1.
• The center of pressure for the VDT -blade has a maximum
value of approximately 0. 6 0 at zero angle of attack and
decreases to approximately 0. 40 for angles of attack
approaching stall. The quarter-chord moment coefficient
remains approximately constant with increased angle of
attack at a given jet angle and blowing coefficient but
becomes more negative with increased blowing and jet angled
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APPENDIX A
AN APPROXIMATE ANALYSIS OF THE CRITERION FOR
DETACHMENT OF A SUPERSONIC JET FROM THE
SURFACE OF A RIGHT CIRCULAR CYLINDER
Assume a supercritical supply pressure, and that the jet flow across the
nozzle exit is choked (Mach 1), subsequently expanding to atmospheric pres-
sure. The detailed flow is obviously quite complex. Hence, a simplified
model of the flow and the configuration shown in Figure A- I will be used.
^Y
Figure A-1. Analytical Flow Configuration
It is assumed that the flow reaches a state in which the outside boundary
of the jet comprises the bases of triangular flow regions (Figure A-2) which
are at atmospheric pressure and have their vertices on the cylinder surfaces,
and that the inside boundary of the jet comprises the bases of triangular
regions which are below atmospheric pressure (PA).
A-1
_
1	 y.71uI-
Figure A-2e Jet Boundaries - Pressure Regions
It is further assumed that the continuous curvature of the cylinder is
represented by straight segments, with the curvature lumped at the junctions
of the segments and that the boundaries between the triangular sections are
expansion fans and oblique shocks in alternation. Thus, in Figure A-3, 1 and
3 are oblique shocks, and 2 and 4 are expansions. In addition, it is assumed
that the flow turning by fan number 2 is equal to the length t1 divided by the
cylinder radius and that the maximum permissible strength of the shock
number 3 is that of the strongest "weak" oblique shock corresponding to the
oncoming Mach number M1" Strongrer shocks are postulated to cause jet
detachment. This sets a limit on the value of the pressure ratio across shock
number 3
^-^ PA
Cylinder
Figure A-3e Jet Boundaries - Mach Regions
A-2
The flow turning angle, b, due to an oblique shock from M 1
 is given by
2 7M 2 - (6n+ 1)
tan  b - ^•„5.(7r - 1)	 1
7M 1 2 - 5 (7 - 1)
	 Sn + 1
where n is the pressure ratio across the shock (post- shock/ pre- shock), The
it	 it	 ti	 it
strong and weak families are the two solutions for Tr which will produce
a given b, the larger root being the it
	 solution. Hence, the strongest
if
	 solution (which is also the weakest "strong” solution), is given by
that value of b for which the two roots are coincident. This b value is also
the maximum turning possible at the given M 1 . Hence, the expression for
tang
 b is differentiated with respect to n, and the result set equal to zero and
solved for n. This results in the following value of rr for the strongest "weak"
shoe k;
(M12 - 2) +	 (MJ.2.,. 2)2 + 8/3 (1 + 2M12)
Since the flow after number 3 and the flow before number 1 are both at
atmospheric pressure, the maximum pressure ratio across number 3 (post-
3/pre-3) is equal to the maximum pressure ratio permissible across fan
number 2 (pre-2/post-2). These pressure ratios are both equal to the value
of n solved for above.
The pressure ratio, ir, combined with an assumed value of M i, permits
calculation of M0, and hence the turning of number 2, which was postulated
as equal to t 1 /cylinder radius. Hence, assuming a value of M 1 , the maximum
value of t, 1 / R is calculated, and the corresponding minimum M oo Given
-t 1 /R and M0, the radial extent of the triangular region of M  can be calculated
(using the cotangent of the Mach angle corresponding to Mo)e Thus, from
Figure A-4
1/2 ti -  tan a =	
1
M	 10
A-3
Therefore
	
t'1
	
AO(M0 to M 1 ) x R
h =-
2 Mot	- 1	 2 Y Mot - 1
h	 Ra B
2 "q;;-T - 10
ti
Figure A -4, Triangular Flow Region
Knowing the static pressure, which is equal to atmospheric, and the
total temperature of the jet fluid (unchanged from the nozzle supply total
temperature) the Mach number M  of the M  region, and the area (per unit
length normal to the plane of the paper) which is h, the maximum mass flow
rate is readily calculated. It is
K-1
KP hM® P 2 K
	
w = A	 PA
where A is sonic speed at total temperature and K is the ratio of specific
	
heats, 1 0 4 for air.
	 j
y _I
K-1
Putting (P/PA) K = I +M2o /5
and	 h =
2 77077 1
	
RKPA Mo 6
	 1 + MO2 / 5
we get w =
	 2A	 M 2 - 1
0
Now consider the choked flow nozzle, of width gRe The mass flow
through it is given by
r0r = gRK	 - gRKNP
A	
s
 (1.2)	 (1. 2)
-	 3 A A 
J'
putting Psupply equal to NPA
The two mass flows are equal. Hence
gRKNPA	RKPAMoii B1 + MO2 / 5
(1.2)  3A	2.A	 M 2 - 1
__ (Ie 2)3 MC 6
VL-
 Mo2 / 5
g	 2	 N 	 2- 10
	
0, 864 A O M0	 1+ MO2 /5
N	 M 2 - 10
If it be assumed that Psupply P 1 (no total pressure loss prior to the
oblique shocks which decides whether the jet will remain attached), we have
7/2
IT- .i
A-5
x..
0. 8 64 M !^ 0
Hence g = 0
1( Mo2 - 1) (1 + Mo2/5) 3
The calculations are performed as follows:
(1) A value of M 1 is assumed,
(2) Tr is calculated.
(3) A value of M  (pre-expansion Mach number) is calculated,
using tables, as follows:
(a) Linder M i .
 
lookup p/ Pt
(b) Multiply p/ PT by 17
(c) Find the Mach number corresponding to Pt e This is 1V1®"
(4) The turning angle (Prandt-Meyer) between M  and M 1
 is obtained
from the tables:
A0 = 180 ('V (M- v(Mo) = 0, 01745 {v 1 - vo)	 h.
{v is the Prandt-Meyer angle in degrees, with v = 0 at M = 1)
(5) Mot - 1 is looked up in the tables (often called ¢) under Mo.
(6) A/A* is looked up under M = M®,
g is calculated
'4AOg 29 (A/A^}
The pressure ratio is defined by
P supply =	 1
PA (P/ Pt (M)0
A-6
Hence, a plot of g versus N or nozzle-width-to-cylinder-radius ratio
(b/a) versus plenum to atmospheric pressure ratio (P 0/P,,) may be con-
structed. This has been done, and the result is included in Figure 6 of the
main text. It is seen that this analysis predicts up to 30% more pressure
ratio for a given nozzle width before detachment than was seen at best
experimentally. It is somewhat better, however, than the analysis of
Tararine and Dorand (Ref. 22).
s
A-7
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APPENDIX B
DERIVATION OF EQUATIONS FOR USE DURING WIND
TUNNEL TESTING AND DATA REDUCTION
To facilitate wind tunnel testing, the relationship between the blowing
coefficient, free-stream dynamic pressure, and VDT tank pressures was
derived. Equation (B-1) was derived in Reference 1 and serves as a starting
point for the current derivation. The VDT geometry considered is shown in
Figure B-1.
1
2.588 A 	 ^p	 2 _ rPoN/P 
1 
1.'714 2
C	 -
µN	 M2S	
N = 1 $ 2	 (B-1)
00
where
S = t.x c, A  = t' x 
Considering that C µ
 = Cµ1 +C 42
and letting R - P /P m; N = 1, 2N oN
then
2.588 A
	
1	 1
C = M2S 
e	 fR 
1 
2_R 
1 
1.714 )
 2 + (R 2
	 2
2
_R 1.714 2
µ	 4Go
S
1,
Figure B.
-1, VDT Geometry
13-1
5	
R
2 qCO
Noting that M
.0
2 =
	 , A e /S = t/ c, y = 1.4 (ratio of specific tests)
Y Poo
and that, for the current model t = 0.030 in. , c = 24-565 in.
	 Therefore,
A e /S =d0. 00122 and
1	 1
1.714 2
	 2	 1.714 2C = 0.00221 (Pw/q^ i 1 2 - R1	 + ^R,2 - R	 b 1 .	 (B -2 )
w
Equation (B-2) is general for any section of the current model.
Assuming sea level conditions, P."`2116 psf and
1	 1
Cµ q
-M %w 4. 67 1812 _ 
R1 1. 714] 2 + R2 2 _ R2 1 .71412	 (B-3)
where
RN
 = PoN/P.; N = 1, 2.
Equation (B-3) appears in the main text as equation (3) and is valid for
isentropic choked VDT jet nozzle flow. To determine the effective blowing
coefficient, equation (B-3) must be corrected by the VDT jet nozzle flow
coefficient.
The relationship between the VDT jet angle, 8 j f , and the VDT tank
pressures was derived for use with the dynamic data reduction. The VDT jet
angle, 0e , obtained from a momentum balance is given in Reference 4 as
.
®m V1	 m1 Vj1 m2 Vj2
-1
9e sin	
^ m
 V.
	
(B-4)=sin	
ml V j + m V .
1	 2 32
where
rrN
 = VDT nozzle mass flow
V.
^N = effective maximum jet velocity downstream of VDT nozzle exit
N	 = 1, 2
13--2
if
iV 
vj
Now C. 	 = 
q S NN
(B--5)
C µ = C µ1 +C 112 1  S1 = S2
B-4) and (B-5)
µ2
+C
µµ
Combining equations a
C
µ
9e = sin-1 C 1
µ1
and noting
(B -6)
1
C	 _ 4.67 R 2_ R 1.714 2
µN q^	 N	 N
if follows that
-	 1	 1
'	 221.714_	 ]_	 1. 14 '2
_	 _1	 JFtl	
R'1	 I	 ^ 	
R'2	 a	 -7
)9 = sin	 1	 (Be	 k2_B 1.7142 +dR2-R, 1.7142
1	 1	 2	 2
Now 0 j = K9 e , where K is a constant calculated when 0 j is determined
experimentally. For the current investigations and from Reference 1,
K X2.0 and 2. 18, respectively. Therefore
	
r-
1	 1
_ 1 1.8 1 2 - R.
	
71412 _ J 	 R2 1. 714 1 2ejf = K sin
	
	 1	
_	 (B-8)
IR2 2 _ R1 1.714)2 + k 2 _ R2 1.714)2
Equation (B-8) appears in the main text as equation (9) and was used for
VDT jet angle calculations for the dynamic data.
z4
r
t
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nAPPENDIX C
METHOD OF PRESSURE INTEGRATION OVER THE VDT AIRFOIL
AND PRESSURE AND BALANCE SYSTEM DATA COMPARISONS
The integration technique is obtained from a consideration of the forces
on a control volume in the flow which is bounded by the airfoil surface, VDT
exit planes, and the VDT cylinder. The derivation uses the simplified con-
figuration shown in Figure C-1, and notations and subscripts used are listed
below.
Y
M LE	 c
M	 X
Figure C-1. VDT Airfoil Coordinate System
Configuration	 ., ,
r	 Notations:
c	 chord length
C	 leading edge moment coefficient
LE
C 	 normal force coefficient
C	 chord force coefficientC
C p	pressure coefficient, Pq
Y E	distance from chord line to centerline of VDT jet
Y	 coordinate axis normal to wing chord
X	 coordinate axis along chord line
C-1
'S
P• Subscripts
top	 refers to top VDT jet
bottom refers to bottom VDT jet
T	 model surface above chord line
B	 model surface below chord line
F	 model surface from leading edge to point of maximum
airfoil thickness
R	 model surface from point of maximum airfoil thickness
to trailing edge
The pressure forces on the model were determined in the standard way
using the relations shown below. A derivation of these results can be found
in many classical texts on aerodynamics.
t/c	 t c
C c =	 CP d(y/c) --	 CF d(y /c)	 (C-1)
- t /c	 F-t/	 RC
1	 1
C, =	 CP d(x /c) -	 CF d(x/c)	 (C-2)
0	 B	 ®	 T
1	 1
C=	 CP (x/c) d(x/c) -
	 C1, (x/c) d(x/c)
	
(C-3)
LE	 T	 B
0	 0
The CM LE equation does not include the Y component moment integrals(shown below) because experience indicates that these terms are small and
may be safely neglected:
t/c	 t/c
- t /c
C	 (y/c) d(y/c) +	 C	 (y/c) d(y/c)PF	
- / c	 PR,
Equations (C-1) â (C-2) m
 and (C-3) are evaluated over the entire model
surface including the VDT cylinder as is done for a conventional airfoil. The
momentum flux of the jets leaves the jet exit plane normal to the Y coordinate
C-2
 c;
axis so that there is no Y thrust component. The C c
 and CM LE equations,
therefore, are corrected by the jet thrust in the X direction independent of
the actual jet angle. After the jet crosses the control surface, the pressure
forces over the cylinder deflect the jet to its final jet angle. However, the Y
force caused by the deflection of the jet is automatically obtained from the
pressure integration over the cylinder. The final form of equations (C-1),
(C-2), and (C-3) are
	
t/c	 t/c
Cc = -µ +	 Cp d(y/c) --	 Cp d(y/c)
	
-t/c	 F	 f-t/c	 R
1	 1
C  =f 
C1,13 
d(x/c) -
	
CPT d(x/c)
0	 0
1
CMLE- (Y E /c)(C^Lbottom - Cµ top) +f CPT (x/c) 
d(x/c)
0
1
_f CF (x/c) d(x/c)
0	 B
(C-4)
(C-5)
(C-s)
Typical pressure plots that are integrated using equations (C -4) through
(C-fi) are presented as Figures C-2 through C-15. Since the pressure distri-
bution on the VDT cylinder is characterized by varying pressure peaks be-
cause of shock-wave formations, it is plotted and integrated separately and
its contribution is added to the other results.
Typical agreement between various force coefficients as determined by
pressure integration and balance data is shown in Figures C 7 15 trough C-18.
The degree of correlation is sufficiently high to indicate that no gross errors
in data reduction were made in either method. The 41 scatter" apparent in
these plots is most probably due to the errors in the pressure data,.. since
this is not an exacting method of force measurement, especially for drag
coefficient determination.
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Figure C-14, Pressure Plot of VDT Cylinder for Normal Force
Determination, Center Section with End Plates
(a 4 deg, 0j Fd 50 deg)
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Figure C-15. Pressure Plots for Force Determinations, Center Section
with End Plates (a = 8 deg, 0 j P-I 20 deg)
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Figure C
-1 8 . Comparison Between C L for Wind Tunnel
Balance and for Pressure Integration
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and for Pressure Integration
